Male Zucker diabetic fatty (mZDF) rats spontaneously develop type 2 diabetes, whereas females only become diabetic when fed a diabetogenic high-fat diet (high-fat-fed female ZDF rat, HF-fZDF). The aim of this study was to investigate if differences in liver functions could provide clues to this sex difference. Non-diabetic obese fZDF rats were compared with either mZDF or HF-fZDF regarding hepatic molecular profiles, to single out those components that might be protective in the females. High-fat feeding in fZDF led to enhanced weight gain, increased blood glucose and insulin levels, reduced insulin sensitivity and a trend towards reduced glucose tolerance, indicative of a prediabetic state. mZDF rats were diabetic, with low levels of insulin, high levels of glucose, reduced insulin sensitivity and impaired glucose tolerance. Transcript profiling and capillary electrophoresis time-of-flight mass spectrometry were used to indentify hepatic transcripts and metabolites that might be related to this. Many diet-induced alterations in transcript and metabolite levels in female rats were towards a 'male-like' phenotype, including reduced lipogenesis, increased fatty acid (FA) oxidation and increased oxidative stress responses. Alterations detected at the level of hepatic metabolites, indicated lower capacity for glutathione (GSH) production in male rats, and higher GSH turnover in females. Taken together, this could be interpreted as if anabolic pathways involving lipogenesis and lipid output might limit the degree of FA oxidation and oxidative stress in female rats. Together with a greater capacity to produce GSH, these hepatic sex differences might contribute to the sex-different development of diabetes in ZDF rats.
Introduction
Female sex during adolescence has been shown to exert a positive influence on insulin sensitivity, lipids and blood pressure (Moran et al. 2008) , which is in line with the notion that premenopausal women have a lower risk of developing the metabolic syndrome compared with age-matched men (Isomaa et al. 2001 , Legato et al. 2006 , Regitz-Zagrosek et al. 2007 . No single risk factor or combination of factors has yet been shown to fully explain this, but the fact that risk protection disappears after menopause strongly suggests that female hormones play a protective role. Oestrogens exert many physiological effects that might influence both cardiovascular risk and insulin resistance, including antiinflammatory (Arenas et al. 2005) and antioxidant (Louet et al. 2004 , Baba et al. 2005 , Borrás et al. 2005 properties. Oestrogens have also been shown to inhibit lipogenesis and stimulate lipolysis in abdominal visceral fat depots, to promote use of lipid as a fuel by muscle (D'Eon et al. 2005) and reduce central adiposity (Perrone et al. 1999) . Both abdominal visceral obesity and non-alcoholic fatty liver disease (NAFLD) are closely associated with metabolic disorders and are more common in men (Cheung & Sanyal 2010) . Furthermore, male gender has been shown to be independently associated with NAFLD in non-obese subjects (Kim et al. 2004) . Experiments in animals indicate that downstream effects of sexdependent hormones within the liver play a role during development of NAFLD and insulin resistance. For example, it was shown that oestrogen receptor a knockout mice develop fatty liver, hepatic insulin resistance and impaired glucose tolerance (Bryzgalova et al. 2006) .
High-fat or high-carbohydrate diets can be used in animal models to induce the metabolic changes observed in the metabolic syndrome. A high-sucrose diet has been shown to induce insulin resistance and other components of the metabolic syndrome in male rats and ovariectomised females, whereas females are unaffected (Horton et al. 1997) . Similarly, oestrogens have been shown to protect against high-fat diet-induced insulin resistance and glucose intolerance (Riant et al. 2009 ), again suggesting that female hormones can protect against developing components of the metabolic syndrome. The obese Zucker diabetic fatty (ZDF/Gmi-fa) male rat has become a widely used animal model of type 2 diabetes (T2D), in contrast to the obese ZDF female that rarely develop the disease (Clark et al. 1983) . The males spontaneously develop insulin resistance and hyperglycaemia by 8 weeks and diabetes by 12 weeks of age, whereas the females only become diabetic when fed a diabetogenic high-fat diet (Corsetti et al. 2000) . Furthermore, a significant difference between males and females developing diabetes as a function of dietary fat content is accompanied by a difference in triglyceride/apolipoprotein B ratios (Corsetti et al. 2000) , with females secreting more triglyceride-enriched lipoprotein particles. This is in line with results obtained in healthy Sprague-Dawley (SD) rats, with females expressing higher levels of lipogenic genes in their livers (Gustavsson et al. 2010) as well as having a greater capacity for hepatic uptake of long-chain fatty acids (FAs), synthesis of triglycerides and assembly of very-low-density lipoprotein (VLDL) particles (SolerArgilaga et al. 1975 , Soler-Argilaga & Heimberg 1976 , Kushlan et al. 1981 .
NAFLD is believed to be caused by fat accumulation in the liver and through increased production of reactive oxygen species (ROS) lead to hepatic insulin resistance (Houstis et al. 2006) . The exact mechanisms of oxidative stress in fatty livers are not known, but an increase in pro-oxidant production and/or an increase in the amount of lipid substrate susceptible for peroxidative attack may exhaust the antioxidant defences and induce oxidative stress. If female livers are more efficient in packaging FAs into VLDL particles (Kushlan et al. 1981) , this might contribute to a reduced hepatocellular load of lipids and a lower risk of developing NAFLD, oxidative stress and insulin resistance. On the contrary, male rats are more responsive to peroxisome proliferators than female rats, leading to greater effects on peroxisome proliferator-activated receptor (PPAR)-mediated gene expression and higher rates of lipid oxidation (Svoboda et al. 1969 , Hawkins et al. 1987 , Kawashima et al. 1989a . This might lead to a greater production of ROS during situations of increased hepatic lipid load. Furthermore, we have recently shown that healthy SD male rats have a greater hepatic turnover of carbohydrates, including higher levels of glycogen, higher expression of gluconeogenic genes and higher hepatic glucose output (Gustavsson et al. 2010) . Taken together, it is possible that these differences in hepatic lipid and carbohydrate metabolism might contribute to a higher risk of developing hepatic insulin resistance and hyperglycaemia in males compared with females during situations of increased hepatic fat and/or insufficient insulin production.
With the assumption that sex-different development of T2D in obese ZDF rats to some degree depends on sex-different hepatic metabolism, we hypothesise that high-fat feeding in female ZDF rats would lead to a more male-like hepatic phenotype, including increased FA oxidation and ROS production, reduced lipogenesis and/or increased gluconeogenesis. By identifying the genes and downstream functions involved in this, it might be possible to unravel the protective components of the female liver. In this study, we have used transcript and metabolite profiling techniques to identify hepatic parameters that distinguish females developing glucose intolerance and insulin resistance, and compared those with components that characterise male diabetic animals.
Materials and methods

Animals
Ten 6-week-old male and 20 female ZDF rats (ZDF/Gmi-fa; Charles River, Koln, Germany) were maintained under standardised conditions, with free access to water and regular rodent chow (protein 26 . 8 kcal%, carbohydrate 56 . 4 kcal%, fat 16 . 7 kcal%, Purina 5008, Charles River), for 1 week before the start of the experiment. The animals were divided into six groups (nZ5 per group), as described in Table 1 . Groups 1 and 4, were female rats maintained on regular chow (fZDF), groups 2 and 5 were female rats fed a diabetogenic high-fat diet (protein 12 . 6 kcal%, carbohydrate 39 . 2 kcal%, fat 48 . 1 kcal% fat, Purina 58NX, Charles River; high-fat-fed female ZDF rat, HF-fZDF) and groups 3 and 6 were male rats maintained on regular chow (mZDF). Groups 1-3 were killed after 3 weeks and groups 4-6 after 6 weeks. At the end of study, 12 h fasted animals were killed and blood drawn from vena cava. Livers were removed, frozen in liquid nitrogen and stored at K70 8C until further analysis. All animal experiments were approved by the regional ethics committee on Animal Experiments. Blood and serum analysis
Blood was collected from vena cava in 10 ml EDTA vacutainer tubes (Becton & Dickinson, Stockholm, Sweden) . Serum was obtained by centrifugation at 3000 g for 10 min. The resulting supernatants were removed and analysed for insulin by RIA (Millipore, Stockholm, Sweden) and metabolites by capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS). A drop of blood was collected from the tip of the tail and analysed for blood glucose, using a Precision Xtra glucometer and test strips (Abbot, Solna, Sweden). Insulin-mediated effects on blood glucose levels were determined in 2 h fasted rats before and 40 min after s.c. injection with insulin (1 mU/g body weight).
Intraperitoneal glucose tolerance test
Intraperitoneal glucose tolerance tests (IPGTT) were performed in 10 h fasted rats (nZ5 per group) upon i.p. injections of 1 g glucose/kg body weight. Glucose levels were assayed in a drop of blood from the tip of the tail at K30, 0, 30, 60, 90 and 120 min from the injection, using a Precision Xtra glucometer and test strips. The area under the curve (AUC)-IPGTT (concentration!time) was calculated by the trapezoidal method, as described before (Kim et al. 2009 ) and represented as mmol/l and h.
Total RNA extraction
Total RNA was isolated by homogenisation of frozen rat livers using a polytron PT-2000 (Kinematica, Littau, Switzerland) and SV Total RNA isolation kit (Promega) according to the protocol supplied by the manufacturer. The RNA concentration was determined using a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Göteborg, Sweden). The quality of the RNA samples was examined using a RNA 6000 Nano Bioanalyzer according to the manufacturer's instructions (Agilent Technologies, Stockholm, Sweden). Only samples with a RNA integrity number above eight were accepted and used for further analysis.
Expression profiling using microarrays
Microarrays containing 70 mer oligonucleotide probes for 27 649 rat protein-coding genes were fabricated and used to obtain transcript profiles, essentially as described earlier (Gustavsson et al. 2009 ). Each hybridisation compared fluorescent dye (e.g. Cy3)-labelled cDNA reverse transcribed from RNA isolated from one group of rats with fluorescent dye (e.g. Cy5)-labelled cDNA isolated from another group of rats; comparing either animals from groups 4 and 5 (13-week-old fZDF and HF-fZDF) or animals from groups 4 and 6 (13-week-old fZDF and mZDF). Four out of five animals from each group were randomly assigned for this and each experiment was performed by individual samples (nZ4), using the same animals from group 4 for both hybridisations. Dye swapping was used so that half of the samples from each group were labelled with either Cy3 or Cy5, resulting in four hybridisations per group comparison. Identification of differentially expressed genes (due to sex and/or high-fat feeding) was performed by the SAM 1.21 (Significance Analysis for Microarray) software incorporated in Microsoft office Excel program. A 5% false discovery rate (FDR) was used as a first cutoff. Genes with a O1 . 5-fold increase or decrease were considered as being regulated (Ståhlberg et al. 2004) , even though smaller changes in gene expression may also have important biological consequences. The results are represented as the mean of at least three independent determinations, allowing missing data from one out of four arrays. All data are available from the NCBI Gene Expression Omnibus database (GEO; http://www.ncbi.nlm.nih. gov/geo/) using the series entry GSE23810. Functional annotation of the data was achieved through the use of Ingenuity Pathways Analysis (Ingenuity Systems, www.ingenuity.com). Transcripts from the dataset that met the mean fold change cutoff of 1 . 5 and were associated with a canonical pathway in Ingenuity's Knowledge Base were considered for the analysis. Fisher's exact test was used to calculate a P value determining the probability that the association between the genes in the dataset and the canonical pathway is explained by chance alone. A heat map of log-2 expression values of significant genes was generated in MATLAB using the clustergram function BioinformaticsToolbox (Mathworks, Inc., Natick, MA, USA).
Analysis of gene expression by real-time quantitative RT-PCR
Total hepatic RNA was isolated, cDNA generated and gene expression quantified, as described earlier (Gustavsson et al. 2009 ). The primers for the genes of interest are shown in Table 2 . The protocol was validated for each gene by checking melting curves for the absence of primer dimers or other unwanted amplicons. The levels of individual mRNAs were normalised with levels of the housekeeping gene acidic ribosomal phosphoprotein Pq (Arbp) and the results expressed in arbitrary units.
1 mM phenylmethylsulphonyl fluoride, 1 mM Na 3 VO 4 , 10 mM NaF, 1 mg/ml aprotinin, leupeptin and pepstatin), using a polytron PT-2000 (Kinematica AG), followed by 20 min of centrifugation (12 000 g). The resulting supernatants were collected and proteins resolved by SDS-PAGE and transferred to PVDF membranes. The membranes were blocked for 1 h in Tris-buffered saline (TBS; 10 mM Tris pH 8 . 0, 150 mM NaCl) containing 0 . 1% (v/v) Tween-20 and 5% (w/v) BSA, incubated overnight at 4 8C with the antibody of interest diluted in TBST with 1% BSA. Antibodies for detecting adiponutrin (PNPLA3; 1:1000) were from Everest Biotech (Oxfordshire, UK), c-Jun N-terminal kinase (JNK) and p-JNK (1:1000) from Cell Signaling Technology (Danvers, MA, USA) and b-actin (1:50 000) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The membranes were washed and incubated with secondary antibody for 1 h at room temperature according to the datasheet provided by the company. After additional washing steps, antibody binding was visualised using an ECL detection system (Pierce Biotechnology, Inc., Rockford, IL, USA). Densitometry analysis was performed by the software Quantity One 4.6.5 Basic (Bio-Rad, Hercules, CA, USA) to compare the amount of the antibody of interest to b-actin.
Metabolite extraction
Frozen liver tissue (30-60 mg) was completely homogenised by a cell disrupter (MS-100R; TOMY, Tokyo, Japan) at 2 8C, after adding of 625 ml methanol containing internal standards (20 mM each of L-methionine sulpone and D-camphor-10-sulphonic acid for cations, 2-morpholinoethanesulphonate for anions). The homogenate was removed and mixed with Milli-Q water and chloroform (2:5); 300 ml of the solution were transferred to another tube and chloroform was added. The mixture was centrifuged at 4600 g for 15 min at 4 8C. Subsequently, the upper aqueous layer was centrifugally filtered through a Millipore 5 kDa cutoff filter to remove proteins. The filtrate was centrifugally concentrated and dissolved in Milli-Q water containing reference compounds (200 mM each of 3-aminopyrrolidine and trimesate) before CE-TOFMS analysis.
Analysis of metabolites by CE-TOFMS
CE-TOFMS instrumentation
All CE-TOFMS experiments were performed by an Agilent CE capillary electrophoresis system (Agilent Technologies, Waldbronn, Germany), an Agilent G3250AA LC/MSD TOF system (Agilent Technologies, Palo Alto, CA, USA), an Agilent1100 series binary HPLC pump and the G1603A Agilent CE-MS adapter and G1607A Agilent CE-ESI-MS sprayer kit. For system control and data acquisition, we used the G2201AA Agilent ChemStation software for CE and the Analyst QS for Agilent TOFMS software. CE-MS/MS analyses for compound identification were performed on a Q-Star XL Hybrid LC-MS/MS System (Applied Biosystems, Foster City, CA, USA) connected to an Agilent CE instrument.
CE-TOFMS conditions for cationic metabolite analysis
Separations were carried out in a fused silica capillary (50 mm i.d.!100 cm total length) filled with 1 M formic acid as the electrolyte (Soga & Heiger 2000 , Soga et al. 2006 . Approximately 3 nl of sample solution were injected at 50 mbar for 3 s and 30 kV of voltage was applied. The capillary temperature was maintained at 20 8C and the sample tray was cooled below 5 8C.
Methanol-water (50% v/v) containing 0 . 5 mM reserpine was delivered as the sheath liquid at 10 ml/m. ESI-TOFMS was operated in the positive ion mode and the , m/z 680 . 03554). Exact mass data were acquired at a rate of 1 . 5 spectra/s over a 50-1000 m/z range. Other conditions were described in the previous report (Soga et al. 2006) . Data analysis was performed on the raw CE-TOFMS data using our proprietary software called MasterHands (Sugimoto et al. 2009 (Sugimoto et al. , 2010a . Briefly, the peaks were detected from sliced electropherograms (m/z 0 . 02 width) and accurate m/z values were calculated by Gaussian curve fitting. The migration times of the detected peaks were next normalised by a time-warping function, whose numerical parameters were optimised by a simplex method with peak matching across multiple datasets based on dynamic programming techniques (Sugimoto et al. 2010a,b) . Any redundant features, such as isotopic peaks, fragments and adduct ions, were removed. Finally, the metabolites contained in the standard compounds were assigned to the remaining features by matching their m/z values and normalised migration times.
Metabolites with a O1 . 2-fold increase or decrease were considered as being affected by the diet and/or sex of the animal, and were further subjected to hierarchical clustering. Dendrograms and heat maps were generated using the Bioinformatics Toolbox in MATLAB.
Statistical analysis
Unless otherwise stated, all data were subjected to twoway ANOVA followed by Fisher's post hoc analysis and expressed as meanGS.E.M. Differences between groups were considered significant at P!0 . 05.
Results
fZDF rats fed a diabetogenic high-fat diet (HF-fZDF) gained more weight and had higher 2 h fasted blood glucose levels than fZDF rats fed regular chow (fZDF). Their weight gain was comparable to that observed for age-matched male ZDF rats (mZDF), but blood glucose levels were higher in the males (Fig. 1A and B) . At the end of the study (6 weeks on high-fat diet), HF-fZDF had higher 10 h fasted serum insulin levels, whereas mZDF had lower insulin levels, compared with fZDF (Fig. 1C) . Insulin sensitivity and glucose tolerance in 10-and 12-week-old rats (3 and 5 weeks on high-fat diet) are shown in Fig. 2 . HF-fZDF showed reduced insulin responses at both time points, similar to those recorded for mZDF. Only fZDF showed significant insulin-mediated effects on blood glucose levels ( Fig. 2A) . After an IPGTT, glucose levels of HF-fZDF and mZDF increased to a greater extent when compared with fZDF ( Fig. 2B and C) . Taken together, this confirms previous reports on a sex-different development of T2D in this animal model (Clark et al. 1983 , Corsetti et al. 2000 , and suggests that 5 weeks of high-fat feeding in fZDF leads to a prediabetic state with enhanced weight gain, increased blood glucose and insulin levels, reduced insulin sensitivity and reduced glucose tolerance. Reduced insulin levels in 13-weekold mZDF have been described before (Orci et al. 1990) and is indicative of diabetes development in the males. In experimental models of obesity and T2D, JNK is activated (phosphorylated) in the liver by oxidants and cytokines and mediates obesity-induced insulin resistance (Hirosumi et al. 2002) . As demonstrated in Fig. 3 , only mZDF had increased levels of activated JNK, indicative of increased hepatic oxidative stress in this group of rats.
Whole-genome microarrays were used to identify high-fat diet-induced changes in hepatic gene expression, comparing 13-week-old fZDF and HF-fZDF animals (groups 4 and 5, as described in Table 1 ). Out of 27 649 genes printed on the arrays, w3500 were detected in liver. Using a 5% FDR and a cutoff at 1 . 5-fold difference, 94 transcripts were identified as being differentially expressed between the groups (Supplementary Table 1 , see section on supplementary data given at the end of this article). Functional annotation of the differentiated transcripts revealed that females developing insulin resistance and glucose intolerance have increased levels of gene products for FA oxidation (dodecenoyl-CoA delta isomerase, carnitine palmitoyltransferase 1 (CPT-1a), 3-hydroxy-3-methylglutaryl-CoA synthase 2 and 2,4-dienoyl-CoA reductase 2) and reduced levels of transcripts for de novo lipid synthesis (ELOVL family member 6, malic enzyme 1, stearoylCoA desaturase 1,7-dehydrocholesterol reductase, 3-hydroxy-3-methylglutaryl-CoA reductase, 3-hydroxy-3-methylglutaryl-CoA synthase 1, acetyl-CoA synthetase 2, glycerol-3-phosphate acyltransferase, acetyl-CoA carboxylase b (ACCb), ATP-citrate synthase, and ATPcitrate lyase). Signs of increased oxidative stress included elevated levels of metallothionein (Mt1) and angiotensinogen mRNA. To find sex-dependent hepatic gene products that might be related to disease development, transcript profiling was performed comparing 13-week-old fZDF and mZDF animals (groups 4 and 6, as described in Table 1 ). This resulted in 168 differentially expressed hepatic transcripts, being either male-or femalepredominant (Supplementary Table 1 , see section on supplementary data given at the end of this article). Interestingly, among the 94 diet-induced changes described above, 33 were sex-dependent (Fig. 4A) . Furthermore, when data values derived from the microarrays were graphically represented in a heat map, the overall pattern of sex-dependent gene expression was similar to the effects of the diabetogenic diet in fZDF (Fig. 4B) . Female-predominant transcripts (represented in blue) were mainly down-regulated in response to high-fat feeding (represented in blue), whereas male-predominant transcripts (represented in red) were mostly up-regulated in response to high-fat feeding (represented in red). When Ingenuity Pathways Analysis was performed by all significant gene products, cellular functions including the metabolism of pyruvate, lipids, steroids and drugs, as well as oxidative stress, were identified as being similarly affected by diet and sex (Table 3 ). The overlapping effects at individual gene expression levels are summarised in Table 4 (excluding gene products lacking annotation), including several gene products for lipid synthesis (femalepredominant and reduced by high-fat diet), FA oxidation and oxidative stress (male-predominant and induced by high-fat diet).
Ten gene products with differential expression and important functions in hepatic lipid metabolism or metabolic stress responses were selected for validation through real-time quantitative PCR. The results are summarised in Fig. 5 . Expression of CPT-1a, Mt1 and phosphoenolpyruvate carboxykinase 1 (PEPCK) were confirmed to be male-predominant and (except for PEPCK) induced by high-fat feeding in females. Insulin-induced gene 1 (Insig-1) , ACCa, Pnpla3, glutathione S-transferase Ya (GSTa1), glutathione S-transferase m2 (GSTm2), betaine-homocysteine methyltransferase (Bhmt) and NAD(P)H dehydrogenase, quinone 1 (NQO1) were confirmed to be female-predominant (except for Bhmt) and reduced by high-fat feeding (except for ACCa and NQO1). The largest effects were observed for Pnpla3, a gene product recently shown to be involved in the development of hepatic steatosis. As illustrated in Fig. 6 , PNPLA3 Figure 4 Effects of sex and/or high-fat diet on hepatic mRNA expression in ZDF rats. Total hepatic RNA was extracted from fZDF, HF-fZDF and mZDF rats (nZ4 per group) and effects of sex and high-fat feeding on mRNA expression levels were determined by whole-genome array analysis. The figure represents an overview of the results presented either (A) as the number of significant transcripts with at least 1 . 5-fold differences between the groups or (B) in a heat map reflecting ratios for all significantly different transcripts. protein was down-regulated in HF-fZDF and mZDF compared with fZDF, suggesting that this gene product might be reduced in the liver during T2D development. To evaluate if the overlapping set of differentially expressed genes could be related to liver-derived metabolites that differentiate male and fZDF rats regarding their susceptibility to develop diabetes, metabolite profiling on liver lysates was performed. A method based on CE-TOFMS was used, enabling separation and quantification of low molecular weight hydrophilic compounds such as amino acids and carbohydrates. As summarised in Supplementary Table 2, see section on supplementary data given at the end of this article, among 151 metabolites being detected in liver extracts, 57 were found to be significantly different between HF-fZDF and fZDF, whereas 51 were different between mZDF and fZDF (using a 5% FDR and a cutoff at 1 . 2-fold difference).
The biggest diet-mediated effect was observed for sarcosine, being reduced almost tenfold upon highfat feeding. Proline betaine, 4-guanidinobutyrate, trimethylamine N-oxide, glutathione (GSH), N,Ndimethylglycine and 6-phosphogluconate were also reduced (more than twofold), whereas 2-aminooctanoate, o-propionylcarnitine, glutamate, 2-aminobutyrate and carnitine were induced (more than twofold). Ophthalmate was also greatly induced (more than fivefold), but the effect did not reach significance (PZ0 . 063). Taken together, these metabolic changes indicate increased activity through catabolic pathways (FA oxidation and amino acid degradation) and reduced biosynthesis of GSH and its precursors within the livers of HF-fZDF.
Among the 57 high-fat diet-mediated changes in liver-derived metabolites described earlier, 25 were sexdependent ( Fig. 7 and Supplementary Table 2, see section on supplementary data given at the end of this article). As illustrated in Fig. 7B , seven clusters of significantly regulated metabolites were observed. The largest cluster consisted of female-predominant metabolites being reduced upon high-fat feeding, including metabolites from the glycolytic pathway and TCA cycle (pyruvate and malate), the pentose phosphate pathway (6-phosphogluconate and sedoheptulose 7-phosphate), as well as some metabolites related to GSH synthesis (sarcosine, N,N-dimethylglycine and cystathionine). Ophthalmate, an analogue of GSH, was higher in females. GSH itself was not significantly different between fZDF and mZDF rats, but a trend towards higher levels in females was observed (1 . 25-fold, PZ0 . 176).
Discussion mZDF rats spontaneously develop insulin resistance, hyperglycaemia and diabetes, whereas females only become diabetic when fed a diabetogenic high-fat diet (Corsetti et al. 2000) . This indicates that fZDF rats are protected against T2D development and that this protection is diminished in females fed this diet. The exact reason why this particular diet is diabetogenic in C GUSTAVSSON and others . Hepatic sex differences in ZDF rats this animal model is not known, but it is higher in fat and lower in protein and carbohydrates compared with standard chow. The aim of this study was to test the hypothesis that fZDF rats put on this high-fat diabetogenic diet would develop a more male-like hepatic phenotype, including increased FA oxidation and ROS production, reduced lipogenesis and/or increased gluconeogenesis. Molecular profiles were generated from liver extracts to compare the picture of diet-induced metabolic alterations with that of sex-dependent differences, and to find hepatic parameters that might protect fZDF rats from developing diabetes. By identifying high-fat diet-induced changes in hepatic gene expression, a picture of reduced hepatic lipogenesis and increased FA oxidation and metabolic stress appeared that might be related to disease development. A similar picture was observed at the level of liver-derived metabolites. Among the high-fat feeding-induced changes in fZDF rats, w35% of the transcripts and 65% of the metabolites were altered towards a 'male-like' phenotype. This could be interpreted as if anabolic pathways protect fZDF livers from developing insulin resistance. On the other hand, these disease-related changes in transcripts and metabolites might only be a consequence of reduced insulin sensitivity and/or hyperglycaemia. However, the sex differences observed in this study are similar to those described in healthy rats, with 50% of the sexdependent genes from this study being similar to those observed in SD rats (Gustavsson et al. 2010) . These include gene products such as glycerol-3-phosphate acyltransferase and acetyl-coenzyme A synthetase 2 (being female-predominant and reduced upon high-fat feeding) and lactate dehydrogenase A and CPT-1a (being male-predominant and induced upon high-fat feeding).
Several of our findings have already been described by others and confirm the notion that fZDF rats are less susceptible to diabetes development (Clark et al. 1983 , Corsetti et al. 2000 . Four weeks of high-fat Table 4 Hepatic transcripts affected by high-fat feeding and sex in Zucker diabetic fatty (ZDF) rats. The table represents relative levels of hepatic transcripts, comparing either female ZDF rats on high-fat diet (HF-fZDF) versus female ZDF (fZDF) rats on standard diet, or male ZDF (mZDF) rats versus fZDF rats (on standard diet). Hepatic RNA was extracted from the rats (nZ4) and the effect on mRNA expression was determined by whole-genome arrays. Transcripts showing at least 1 . 5-fold differences with a false discovery rate !5% were considered to be differentially expressed. The data are presented as ratios between the indicated groups, including only the high-fat dietaffected transcripts with a sex-dependent level (48% kcal fat) feeding will induce the development of marked hyperglycaemia in fZDF, which leads to islet dysfunction and diabetes within the following 4 months (Corsetti et al. 2000) . Interestingly, Corsetti et al. demonstrated that serum insulin levels were reduced in 22-weak-old HF-fZDF, in parallel with reduced levels of circulating lipids (total cholesterol and TG) and decreased number of TG-rich lipoprotein particles. The concentrations were comparable to those determined in mZDF of similar age (Corsetti et al. 2000) . One explanation for this could be reduced hepatic lipogenesis and/or assembly of VLDL particles during diabetes development in the females. This might involve lipogenic gene products identified in this study, as being female-predominant and reduced upon high-fat feeding. Some male-predominant gene products were induced upon high-fat feeding in females, indicative of increased FA oxidation during diabetes development. Calorie restriction has been shown to prevent the development of diabetes in mZDF (Colombo et al. 2006) . Interestingly, hepatic mRNA expression of key enzymes involved in lipid synthesis was up-regulated, whereas genes for FA oxidation were down-regulated in parallel with improved insulin sensitivity. We speculate that a more efficient incorporation of hepatic FA into TG and VLDL particles and secretion of TG-enriched lipoprotein particles might contribute to a reduced hepatocellular load of lipids in obese females (fZDF). This and other lipid-clearing systems within the liver are likely to be saturated in HF-fZDF and mZDF animals, leading to elevated levels of FFA. This might in turn activate PPARa-dependent genes and hepatic FA oxidation, as well as reduce the actions through SREBPdependent lipogenic pathways. Results obtained in this study are in line with this and could be exemplified by higher expression levels of genes for FA oxidation in HF-fZDF and mZDF, compared with fZDF. Higher FA oxidation rates are known to increase the hepatocellular levels of ROS and the risk of developing hepatic insulin resistance (Houstis et al. 2006 ). We did not determine hepatic insulin sensitivity, but the insulinregulated gene product Insig-1, a negative regulator of SREBP maturation and lipogenesis (Engelking et al. 2004) , was less expressed in HF-fZDF and mZDF, Effects of sex and/or high-fat diet on selected hepatic transcripts in ZDF rats. Total hepatic RNA was extracted from fZDF, HF-fZDF and mZDF rats and the effects of sex and fat feeding on mRNA expression determined by real-time PCR. Selected transcripts and the corresponding primers used are listed in Table 2 . Each measurement was correlated with the housekeeping gene Arbp to obtain relative mRNA expression levels. (*) Indicate significant difference between fZDF and mZDF, (#) indicate significant difference between fZDF and HF-fZDF.
compared with fZDF. Interestingly, hepatic Insig-1 or -2 overexpression has been shown to reduce lipogenesis in obese ZDF rats (Takaishi et al. 2004) .
Various challenges such as high-fat feeding, toxins, viral infections or surgery-induced metabolic overload can induce the formation of ROS and electrophilic substances within the liver. To maintain a favourable redox balance (counteracting ROS), mammalian cells utilise an inducible cell defence system, 'the antioxidant response pathway'. In this way, the cell can respond to increased levels of ROS and adjust the production of GSH, GSH transferases (GST) and other phase II enzymes. This pathway can be exhausted if the cellular levels of GSH are insufficient, leading to insulin resistance and liver toxicity (Houstis et al. 2006) . Earlier reports on increased levels of malondialdehyde (a lipid peroxidation product; Koneru et al. 1995) and reduced levels of GSH (Soltys et al. 2001 , Serkova et al. 2006 in fatty livers of obese ZDF rats, support the notion of increased hepatic ROS production and GSH consumption in this model. In this study, indications of higher ROS production in HF-fZDF and mZDF included increased levels of Mt1 and angiotensinogen mRNA, two gene products known to be induced by various forms of oxidative stress. Surprisingly, gene products being induced by oxidative stress and involved in the antioxidant response (GSTa1, GSTm2 and NQO1) were reduced in HF-fZDF and/or mZDF animals. The reason for this is not known, but is likely to reduce hepatic detoxification capacity.
Hepatic angiotensinogen is part of the reninangiotensin-aldosterone system, which functions in the homeostatic control of arterial pressure, tissue perfusion and extracellular volume (Manrique et al. 2009 ). Using mZDF rats, angiotensinogen was recently shown to be induced in mesangial cells via ROS/ ERK/JNK pathways (Ohashi et al. 2010) , and similar mechanisms might be operating in the liver. MT1 is a potent cellular antioxidant that plays important roles in essential trace element homeostasis, metal detoxification and in the protection against various injuries resulting from ROS (Chiaverini & De Ley 2010) , including the development of diabetes and its complications (Ohly et al. 2000 , Cai 2004 , Song et al. 2005 , Ayaz et al. 2006 , Tang et al. 2010 . It has also been shown that levels of MT1 are increased in the livers of diabetic rats (Cai et al. 2002) , which is in agreement with the results obtained in this study. Mt1 mRNA levels showed the greatest sex difference among the gene products being confirmed as male-predominant and induced by high-fat feeding, together with angiotensinogen and genes involved in FA oxidation.
Among the gene products being confirmed to be female-predominant and reduced by high-fat feeding, Pnpla3 showed the greatest sex difference. PNPLA3 is a predominantly liver-expressed transmembrane protein with lipase activity that is regulated by fasting and feeding. Although its putative role in metabolic disease development has only recently started to be explored, various genome-wide association studies have identified the Pnpla3 gene to be associated with liver-related phenotypes (Romeo et al. 2008 , Yuan et al. 2008 , Kotronen et al. 2009 ). Since it is up-regulated in response to feeding and downregulated in the fasted state, a potential role for Pnpla3 in lipid storage has been suggested (Baulande et al. 2001 , Lake et al. 2005 , Moldes et al. 2006 , Wilson et al. 2006 . Furthermore, the transcription factors SREBPs, PPARg and ChREBP have been shown to mediate increased expression of the Pnpla3 gene (Baulande et al. 2001 , Polson & Thompson 2003 . This is in line with results presented in this study, where Pnpla3 was found to be co-regulated with genes of importance for de novo lipid synthesis. Interestingly, a recent study provides genetic evidence for a role of PNPLA3 in the metabolism of apolipoprotein B-containing lipoproteins (Kollerits et al. 2009 ). It might be speculated that reduced levels of PNPLA3 in HF-fZDF and mZDF affect packaging of these lipoproteins in the liver.
In addition to the diet-induced changes in hepatic mRNA expression, alterations were also detected at the level of hepatic metabolites. Livers from HF-fZDF had 2 . 5 times lower levels of GSH compared with fZDF, indicating a greater usage of GSH due to increased β-Actin oxidative stress. Although mZDF and fZDF rats had almost similar GSH levels, many GSH-related metabolites or substrates (2-aminobutyrate, glycine, hypotaurine and serine) were lower in mZDF compared with fZDF. Furthermore, major differences in ophthalmate levels were observed, with 5 . 8-fold higher levels in HF-fZDF, whereas mZDF had 2 . 0 times lower levels (compared with fZDF). We have previously shown that ophthalmate (g-Glu-2-aminobutyrate-Gly) is synthesised through the same pathway as GSH (Soga et al. 2006) . Ophthalmate is synthesised from 2-aminobutyrate through g-glutamylcysteine synthetase (GCS) and GSH synthetase. GCS is the rate-limiting enzyme and feedbackinhibited by GSH, and thus GSH consumption leads to GCS activation, resulting in enhanced biosynthesis of ophthalmate. Since ophthalmate levels were shown to predict the amount of GSH production (Soga et al. 2006) , ophthalmate measurements provide valuable information about hepatic GSH turnover. In this study, GSH levels were reduced in HF-fZDF, while both ophthalmate and its substrate 2-aminobutyrate were increased. This suggests that although high-fat feeding in fZDF rats generates oxidative stress, the capacity to synthesise GSH might still be high due to sufficient amount of substrates (Cys, Glu, Gly, Ser, etc.) . GSH can also be regenerated from GSSG using NADPH produced in the pentose phosphate pathway. Reduced levels of metabolites from the pentose phosphate pathway were observed in HF-fZD as well as in mZDF, which might be linked to a reduced capacity to regenerate GSH from GSSG in these animals, compared with fZDF. Nevertheless, these results indicate that both the capacity of GSH production and turnover were higher in female rats, which is in line with the finding that HF-fZDF had lower degree of phosphorylated JNK, compared with mZDF. Taken together, data presented in this study could be interpreted as if anabolic pathways involving lipogenesis and lipid output, might limit the degree FA oxidation and oxidative stress in female rats. Together with a greater capacity to produce GSH, these hepatic sex differences might contribute to the sex-different development of diabetes in ZDF rats. Figure 7 Effects of sex and/or high-fat diet on hepatic metabolites in ZDF rats. Hepatic metabolites were extracted from fZDF, HF-fZDF and mZDF rats (nZ5 per group) and effects of sex and high-fat feeding on metabolite levels were determined using CE-TOFMS. Metabolites showing at least 1 . 2-fold differences in concentration between the groups and with P!0 . 05 were considered significantly different. The figure represents an overview of the results presented either (A) as the number of significant metabolites comparing the indicated groups or (B) in a heat map reflecting levels of these metabolites in the different groups.
